THEORETICAL, IDEAS CONCERNING X-RAY SOURCES*

GEOFFREY BURBIDGE

University of California, San Diego

GPO PRICE S

CFSTI PRICE(S) $

Hard copy (HC) /. 20
Microfiche (MF) Wx 2

\ 1 653 July 65

\ ., N6t 38730

<7 /

{PAGES) (CODE)

(2 < T55 37 30
(NASA CR ORTMX OR A NUMBER) (CATEGORY}

FACILITY FORM 602

*
Manuscript of talk given on September 1, 1966, at the TAU Symposium No. 31,
entitled "Radio Astronomy and the Galactic System", which was held in -

Noordwljk, Netherlands. This paper will be published in the Proceedings of

that Symposium.

This research has been supported in part by the National‘Science Foundation

" and in part by NASA grant NsG-357.



THEORETICAL IDEAS CONCERNING X-RAY SOURCES

Geoffrey Burbidge

University of California, San Diego

Dr. Rossi has given an account of the present status of observational
X-ray astronomy. AS you are all aware a considerable number of discrete"
x-ray sources have been discoveredin the last three or four years. In
addition to this a background flux of i—rays and y-rays has been detected.
It appears that this latter flux is extragalactic in d}igin, arising either
from a large number of external galaxies,or by the inverse ComptonbproceSS
involving high energy electrons scattering on low energy photens- -in the RRR S
intergalactic medium,and I shall ﬁot discuss it here since we are restricting
this symposium to the galaxy. For the same reasons I shall not be discussing
the possible identification of discreté sources with extragalactic objects.

There have been a number of reviews describing the physical mechanisms
which may give rise to hard photons in the Universe. Fairly complete dis-
cussions have been given by Ginzburg and Syrovaﬁsky, by Hayakawa and his
collaborators, and by Gould and myself. I shall not discuss all of these
physical mechanisms, but shall restrict myself to four which have been
frequently discussed, namely, black body radiation, the inverse Compton pro-
cess, synchrotron radiation, and thermal bremsstrahlung from optically thin
gas. I shall consider these mechanisms in relation to the galactic sources
only.

The idea that a very hot black body could be the source of the discrete
X-ray sources was advanced very strongly by Friedman and his assoclates,
together with a number of theoreticians, when the Crab Nebula was first identi-

fied as an x-ray source. The idea was that the black body was a neutron star



which had been formed in the supernova explosion. The objections to this
hypothesis are now well known. The source in +the Crab has an energy spectrum
which is certainly not that of a black body; the source is known to have a
finite angular size,and the rate of cooling of a hot neutron star through
neutrino emission is so high that its lifetime at - a temperature > ILC)6--ILQT
degrees will be exceedihgly short, much shorter than the life of the Crab.
Most people have concluded therefore that neutron stars acting as black bodies
are not likely to be able to account for the galactic x-rays sources. However,
there are some who still believe that the ultimate eﬁ;rgy sources which give
rise to x-ray sources are the internal energies contained in neutron stars.
It is argued that this energy is transformed ‘ultimately to x-rays through -~ &——— .
one of the other mechanisms mentioned above.

The inverse Compton process requires the existence of regions of high

radiation density in which high energy electrons are present. Such regions

would be exceedingly bright in optical frequencies, and the known energy

densities of radiation in the regions where discrete x-ray sources are seen
are not high enough to give appreciable fluxes of x-rays. Only in the quasi-

stellar objects, which are certainly extragalactic, is there the strong
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possibility that the inverse Compton process is effective. v
Thus we are left with synchrotron radiation and thermal brexrsstrahlung;

Let us consider these briefly in connection {fith the x-rays sources in the

galaxy which have been identified with optical objects. |
The Crab Nebula was tﬁe first optical object identified with an x-ray

|
source. Measurements of the x-ray flux have been made in the range 1 - 100 kev i
|

the optical emission from this object are emitted by the'synchrotron process,

s has been mentioned by Dr. Rossi. t is known that the radio emission and 1
and the form of the spectrum plotted throughout the whole spectrum range !



(P(v) =v™%) , with g increasing at the high frequency end) suggests that
the synchrotron process may be respomsible for the x-ray flux also. This
guestion has been discussed by Burbidge, Gould, and Tucker, by Ginzburg, and

by Shklovsky. A detailed discussion of the possible models has recently

been made by Tucker at La Jolla in a ?a.D. thesis, to be published. Imn

order to obtain hard radiation by the synchrotron process high energy

electrons or strong magnetic fields, or both are required. For example, in
s i -4 : ' . . 13

a magnetic field H = 10 gauss, electrons with energies ~ 5 x 10 eV are

required to radiate photons of 10 kev. Such electrons have half-lives
~ 25 years. Thus the synchroiron process requires the continuous acceleration
or injection of very high energy eiectrons. Some #orkers are still inclined
to the view that the bremsstrahlung process is responsible for the hard
radiation from the Crab, but in order to explain the.ébserved flux of x-reys
in this way, it is necessary to invoke very high temperatures to expléin the
high energy tail of the x-ray spectrum, or else non-thermal bremsstrahlung,
which leads to other difficulties. At the present time I think that the
synchrotron process is the most natural explanation of the hard photons from
the Crab.

There is now also a tentative identification‘of a source of x-rays in the
2 - 8 A region with the radio source Cassiopeia A. This is the strongest non-

thermal radio source in the sky and is & supernova remmnant. Dr. Gould has

recertly informed me that if we plot the radio spectrum and extrapolate it

/
A

with the same slope to the x-ray region the x-ray flux detected from this

)
/

source lies on this extrepolated curve. This may indicate that the x-rays

Irom this source are produced by the synchrotron process, though the lifetimes
o . T -

oI the x-ray electrons will be shorter by a factor = 10 than those giving

rise to the radio emission.



The most recent optical identification is that of Sco X-1 which has
JusT been described by Dr. Ros:”. You have heard that the optical object
winich has been ijdentified is &  -ight blue star-like object. There appears
<o be a nigh prdbability that trn “dentification is correct. 2Preliminary
spectroscopic and color measuremc .. suggest that the object has the optical
characteristics of an ex-nova. 2. is thus of some interest to discuss théiA 

kind of model which may be constru:ved from the data a

]
i
;
|

present. The ideas that I shall describe in what follows arose in a joint

(o)
[

scussion with Dr. Rossi involving Drs. Ginzburg, Shklovsky, Woltjer, and
mysel, together with some others, which was held in Noordwijk a few days ago.

The x-ray spectrum of Sco X-1 is thought to show that it is a thermal

bremsstirahling source, since an exponential law is indicated, in which case

7
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a temperature of about 5 x 10  degrees is required. The total flux which is

. 5 : - . . . . ¥
eritted by this source is uncertain because the distance remains uncertain,

T the time that this talk was given we were not familiar with the work of

riecman who has arguea Trom his detectiorn of a flux of much softer x-rays \
that the object must e comparatively neardy, since if it were at é distance \\\
= 100 pc the ebsorption of these x-rays by the interstellar gas would be very
ge. Tnais point remains unclear at the time of writirng. -It has been
reelized that it is possible to cobtain an estimate of the amount of inter-
stellar matter lying between Sc X-1 and the solar system directly, and
incependently of the distance assumed for the source, from the strengths of
tre interstellar lines due to Ca’ which are present in the optical spectrum
cI tinis source. This rough estimate suggests that T 2 5; Thus the cdifficulty
is severe and the possible ways out are (a) that an immense flux of soft x-rays

7

enerated by this source, much larger than that generated by a 5 x 10' degree

[U3]

-

plaesma, (b) that the observation of soft x-rays associated with Sco X-1 is



spurious, (c) that the optical identification is incorrect.

but we shall, in what follows, assume that the total energy emitted by the

s 36 N s L 3 * < <+ 43
source is 10 erg/sec; this is the flux calculated by supposing that the
N . . . . . 6 .
disvance is 250 pc. On this basis, assuming a temperature of 50 x 10 degrees,
we can easily compute the dimensions of the hot cloud, its energy content,

< . . . -36 - .

and cooling time (energy content times 10 secs) as a function of the

electron density Ne (assuming a wniform cloud). Some values are given in

. * "
Table 1. Since the x-ray source is known to have a size < 20 , the dimension

N

. , 16 . . .
R zust be less than 7.5 x 10 cm. If we suppose that the hot gas cloud also

gives rise to the opiical object, an assumption which was made as one of the ..
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must assume an angular size <1 , or R< 4 x 10 ? cm.

In the paper by Sandage et al. it was pointed out that the spectrum of
tie optical object is reminiscent of that of an old nova. While it is possible

-

to argue that the object is a new type of astronomical object which in its

(¢}

spectral cnaracteristics is superficially similar to an ex-nova, it is natural
to suppose that the object is indeed an o0ld nova. This is the assumption that
we snall make in the following discussion.

b

It has been known for some years that a number of the ex-novaczre close
oirary systems,and Kraft has given plausible arguments for supposing that the
ncova phenorenon is closely tied to the binary nature of the system,and that
all 0ld novae are binaries. In the systems which have been studied in detail
it has been shown that the two stars are exceedingly close together and are
zoving with relative velocities ~ 500 km/sec. The periods are very shors,of
<ne corder of hours in some cases. One of the stars is a highly evolved object

wzich is contributing little to the optical luminosity. In order to explain
<o

the x-ray properties of such an object we have to consider two guestions.

L

o i e bl it e 4

o the optical identification, then since it is star-like we ~~<° R




(1) wWaet is the source of the enrergy for the hot cloud, and in what way is

{2) Waere does the line specirium origsl

is Tar as (1) Is concerrnal we were nebturally led Tirst to the idea that

as cloud forms & Lot corona about tne binary system. iz attractive

pcssibility here is that this gas cloud is gravitationally contained by the

in this case would thexn be the stirring of

the corone by the stars moving In it end the maximum temperatures that could

o= - e e - 2/, = - - N
be generated would be given epproximetely by (mﬁv /%) ~ 25 x 10~ degrees Ior

v ~ 5C0 km/sec. The snag assoclated with this mechanism was pointed out by

== 7 o - —~ B R o i - - - . el ~ - -—% et ~—
zs long &S the corone is effectively at rest with respect To the rotating
A [ - [P RS- RN e~ PN g -~ ~ ca— - Y e

C_nary gysTen. nowever, I T4 Cordrna DEeELmIe TUC LO-IgraTe Wit uhe suars

e possibility <then, suggested by Dr.

Trom a stellar wind - gas must bpe ejectea

3,

Ircrz cne or poih of the stars at velocities ~ 107 km/sec. It is importeant

rezlize thalt these two suggestilons concerning the mechanism of the heating
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&s involve two cuite different energy sources. 1In the Iirst

binary system. In the second

-
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rom the intermal eneryy of one
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Cr Tag otrner 0Ff The stars. Conventional tThermo-nutiear xgravistaticnal erergy
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sources mizht be invoked., Alterratively It might be supposed that the highly

evclved comporent of the vinary system is a neutron star and that the intermal

-

ener;y ©oF this gtwr is bpeing slowly released in the Torm ol hi
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ortical lire specirum. The emission lines which are seen include the Balmer
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high excitation lines duve to C o

end 0. Such
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lines are produced in & siellar aimosphere with a temperature ~ 25000°-50000°,

is & very cool region as

corpared with the plasma giving rise to the x-ray flux. t is therefore neces-

sery to consider ways in which such & cool region can exist in coﬁjunction with

en exceedingly hot plasma. This problem has not been solved, thougn 1t is - S
that since the hard radiation emitted by the hot plasra will ilonize the

outer atmosyheres oI both stars, we must sudpose thal the line Iormation vaxes

piace in conditions of nigh density where <the ionizing effect 1s significantly

recuced. Very severe linits are propably plac

M

& or the model oy this ccndition.

Iovees explode in our (Gelaxy &t the raie of aboul 30 per year; after they

o

explode they still contain eppreciable energy sources - many are recurrent -

-

znd they remain cptically detectabl

o

after the explosion. Thus many millions

S T T s

o in our Calaxy. Xowever, it i1s clear that only a small

e that the mejorivy of the known xX-ra&y sources are ex-novae, though present
eviience snows tThat some supsrnova rexmnants are also X-ray scurces. wWoy

w1y & smell fraction of the ex-novee De x-ray sources? On the basis

cI tTne IZeas developed here there are many possivle explanstions. + may be

in rare cases, or for a short time, is it possible for gas to be
7 tne two stars. Alternetively 1t might be supposed that only in a
ceses 1s the gas heaved to Temperaiures in excess of 107 degrees and thet

In most ex-novee the gas is ccoler and fluxes of much softer x-rays are emitied.

Trese idees nave been developed very hurriedly following the optical identi-

Ticetion ¢of Scecrpius X-1. Much more work is reguired to produce a detailed model
end it may te found that some of the views expressed will not survive detailed |

i
lrvestigation. \



Table 1

PROPERTIES OF UNIFORM CLOUDS WITH T = 50 x ].O6 DEGREES

REQUIRED TO GIVE X-RAY FIUX FROM Sco X-1

N, R Energy Content E Cooling Time
(en™3) (cm) (ergs) 1073 g
(secs)
10%2 3 x 1080 > x 100 2 x 10%°
100 3 x 10%° 6 x 10 6 x 10°
10772 3 x 100" 2 x 103 2 x 107
107 3 x 10%3 6 x 10 6 x 10°
10102 3 x 1072 2x 1040 > x 10"
1072 3 x 10 6 x 103 600
1013+ 3 x 10%° 2 x 1037 20
10t 3 x 107 6 x 1057 0.6




